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INTRODUCTION 

The product ion of low-cost hydrogen for use a s  a f u e l  and chemical f eeds tock  
t o  supplement f o s s i l  f u e l s  and provide a f e a s i b l e  a l t e r n a t i v e  t o  c u r r e n t  hydrogen 
production methods is  o f  continued i n t e r e s t  i n  t h e  energy f i e l d .  The demand for 
hydrogen is inc reas ing ,  with t h e  need for hydrogen predicted t o  r i s e  by a f a c t o r  
o f  15 t o  20 t imes over t h e  next  40+ yea r s  (1 ) .  

Present ly  i n d u s t r i a l  q u a n t i t i e s  o f  hydrogen a r e  produced p r imar i ly  by e i t h e r  
steam reforming o f  n a t u r a l  gas  or p a r t i a l  ox ida t ion  o f  petroleum. However, both 
o f  t h e  feedstocks for t h e s e  processes  a r e  used more e f f i c i e n t l y  and economically 
i n  t h e i r  chemically una l t e red  or phys ica l ly  r e f ined  forms. One o f  t he  most v i a b l e  
a l t e r n a t i v e s  for hydrogen product ion,  i n  terms of a v a i l a b l e  feedstock,  is i n  t h e  
use o f  advanced coa l  g a s i f i c a t i o n  processes.  I n  coa l  g a s i f i c a t i o n  p rocesses ,  
hydrogen is produced by t h e  fol lowing r eac t ions :  

The g a s i f i c a t i o n  r e a c t i o n  1 )  involves  r eac t ing  coal  char  and steam t o  produce 
carbon monoxide and hydrogen. Addit ional  hydrogen is produced v i a  t h e  wa te r /gas  
s h i f t  r e a c t i o n  2). The g a s i f i c a t i o n  s t e p ,  r e a c t i o n  l ) ,  is enhanced a t  r e a c t i o n  
temperature by the  presence o f  c a t a l y s t s ,  o f  which the  most widely s t u d i e d  a r e  
a l k a l i  s a l t s  (2). The a l k a l i  carbonates ,  bicarbonates ,  oxides ,  and hydroxides  a r e  
we l l  known a s  r a t e  enhancers ,  while  h a l i d e s  of t h e  a l k a l i s  do no t  func t ion  n e a r l y  
a s  well  a s  p o s i t i v e  c a t a l y s t s .  Low-rank coa l  o f f e r s  a p l e n t i f u l  and r e l a t i v e l y  
inexpensive s u b s t r a t e  from which to form char  t h a t  has  high r e a c t i v i t y  (h ighe r  
than those o f  higher-rank coa l s )  toward steam i n  a char-steam r e a c t i o n  1 )  t o  
produce hydrogen. 

The thermodynamics of the  water/gas s h i f t  r eac t ion  2) r e q u i r e  t h a t  t h e  
hydrogen product ion process  operate  a t  t h e  lowest temperature poss ib l e .  The l i m i t  
t o  which t h e  temperature  may be lowered i n  t h e  process  is governed by the  a c t i v i t y  
of t he  cha r  generated a t  t h a t  temperature from a p a r t i c u l a r  coal .  Laboratory- 
s c a l e  experiments have shown t h a t  t h e  700'-800°C range a t  ambient p re s su re  provide 
condi t ions for maximum production o f  hydrogen i n  t h e  gaseous product ( 3 ) .  The 
c a t a l y t i c  enhancement o f  t h e  r a t e  o f  hydrogen product ion al lows t h e  o p e r a t i n g  
temperature to be lowered, t hus  e f f e c t i n g  g r e a t e r  s h i f t  and maximizing hydrogen 
formation. 

Potassium carbonate  is probably t h e  most ex tens ive ly  s tud ied  o f  t h e  a l k a l i  
s a l t  c a t a l y s t s  and is  o f t e n  used a s  a s tandard for comparison of c a t a l y s t  e f f e c t s .  
Other potassium compounds (except  for t h e  h a l i d e s )  have been shown t o  be e x c e l l e n t  
c a t a l y s t s  f o r  t he  g a s i f i c a t i o n  of coa l  cha r s  ( 4 , 5 ) .  Sodium compounds have a l s o  
been s tud ied  ex tens ive ly  for t h e i r  e f f e c t  on the  g a s i f i c a t i o n  r eac t ion .  They t o o  
have been shown t o  be good c a t a l y s t s  and i n  some cases  were as good a s  t h e  potas-  
sium compounds (5 ) .  Trona and nahco l i t e ,  n a t u r a l l y  occuring sodium-rich mine ra l s ,  
have been shown i n  laboratory-scale  experiments t o  be a s  good as potassium 
carbonate  for ca ta lyz ing  t h e  char-steam r e a c t i o n  of some low-rank c o a l s  (5 ) .  
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From an economic s t andpo in t ,  t he  sodium compounds a r e  l e s s  expensive t h a n  
potassium compounds, and mineable sodium-rich minerals  a r e  even l e s s  expensive 
than the  pure sodium compounds. However, not  a l l  low-rank c o a l s  g ive  the  Same 
r e a c t i v i t y  or r e a l i z e  t h e  same c a t a l y t i c  r a t e  enhancement under t h e  same r e a c t i o n  
cond i t ions ;  i . e . ,  c o a l - s p e c i f i c  e f f e c t s  are o f t e n  evident .  Therefore ,  thorough 
c h a r a c t e r i z a t i o n  o f  t h e  c h a r s  generated a t  the  va r ious  temperatures  of i n t e r e s t  
and t h e i r  response t o  va r ious  c a t a l y s t s  a r e  important i n  understanding the  
mechanism o f  t h e  g a s i f i c a t i o n  r eac t ion  i n  t h e  product ion o f  hydrogen. The 
research r epor t ed  h e r e  invo lves  the  c h a r a c t e r i z a t i o n  o f  cha r s  from two low-rank 
raw c o a l s ,  Velva (North Dakota) l i g n i t e  and Martin Lake (Texas) l i g n i t e .  The 
chars  were gene ra t ed  i n  t h e  temperature range 650'-750 O C ,  a t  atmospheric p r e s s u r e  
under i n e r t  atmosphere. Chars were a l s o  prepared from Velva and Martin Lake 
l i g n i t e s  con ta in ing  added c a t a l y s t  (10 w t %  K2C03 and Trona) at t h e  same c o n d i t i o n s  
for c h a r a c t e r i z a t i o n .  

EXPBRlM3UTAL. 

The r e a c t i o n  between low-rank coal  cha r s  and steam t o  produce hydrogen was 
s tudied wi th  two d i f f e r e n t  Thermogravimetric Analysis (TCA) systems. The k i n e t i c  
study o f  weight change o f  carbon with t ime for t h e  char-steam r e a c t i o n  was c a r r i e d  
ou t  on a DuPont 951 Thermogravimetric Analyzer (TGA)  i n t e r f a c e d  with a DuPont 1090 
ThermalAnalyzer. Approximately 20 mg samples o f  -100 x +140 mesh uncatalyzed or 
catalyzed c o a l  were devolat ized under argon flowing a t  160 cc/min, and t h e  
r e s u l t i n g  char  was r eac t ed  with steam ( p ( ~ ~ 0 )  = 0.1).  Weight, t ime, and 
temperature.  d a t a  were recorded,  and each experiment was terminated when weight  
loss ceased. T o t a l  gas  (product  gas  p l u s  c a r r i e r  gas )  samples were c o l l e c t e d  o v e r  
t h e  d u r a t i o n  o f  t h e  run  and were analyzed by g a s  chromatography ( G C ) .  Se l ec t ed  
experiments were dup l i ca t ed  on a l a rge  TGA so t h a t  l a r g e r  gas samples could be 
c o l l e c t e d ,  ensu r ing  s u f f i c i e n t l y  accu ra t e  ana lys i s .  The l a r g e  TGA was b u i l t  a t  
t he  Un ive r s i ty  o f  North Dakota Energy Research Center  (UNDERC) using a Cahn 1000 
e l ec t roba lance  and a 1200°C v e r t i c a l  tube furnace for r e a c t i n g  samples > 1  g. 
React ivi ty  parameters ,  ( k ) ,  for 50% carbon conversion,  were ca l cu la t ed  a t  each o f  
three t empera tu res  (T) and Arrhenius p l o t s  of I n  k vs 1/T were constructed for 
c a l c u l a t i n g  energy o f  a c t i v a t i o n  (Ea) and frequency f a c t o r ,  (A), as p rev ious ly  
described (3) .  Residue remaining a f t e r  t he  r e a c t i o n  was analyzed by X-Ray 
Di f f r ac t ion  and X-Ray Fluorescence techniques.  

Char analyzed by spec t roscop ic  techniques was prepared a s  i n  t h e  char-s team 
reac t ion  experiments ,  bu t  w a s  cooled t o  room temperature under argon. In  s e l e c t e d  
experiments t h e  c h a r  was removed from t h e  TGA under argon and s t o r e d  under argon 
t o  prevent exposure t o  a i r .  These samples were analyzed by Electron Spectroscopy 
for Chemical Analysis  (ESCA) and s o l i d  s t a t e  13C Cross Polar izat ion/Magic Angle 
Spinning (CP/MAS) Nuclear Magnetic Resonance Spectrometry ( N M R )  . Catalyzed and 
uncatalyzed samples o f  cha r  were examined by Scanning E lec t ron  Microkcopy (SEM) , 
t o  determine s u r f a c e  elemental  composition and t o  o b t a i n  photographs o f  t h e  c h a r  
surface.  The f i e l d  was scanned and r ep resen ta t ive  p a r t i c l e s  were photographed and 
mapped t o  determine elemental  d i s t r i b u t i o n .  A l l  char  samples were analyzed for 
ac t ive  s i t e s  by g r a v i m e t r i c  measurement o f  C02 adso rp t ion  i n  a manner similar to 
t h a t  desc r ibed  by R a t c l i f f e  and Vaughn (6) .  

RESIILTS AND DISCUSSION 

There are s e v e r a l  s i g n i f i c a n t  chemical d i f f e r e n c e s  between t h e  Coals used i n  
t h i s  study. The Velva l i g n i t e  is a nort.hern Great P l a ins  l i g n i t e ,  whereas t h e  
Martin Lake l i g n i t e  is a Gulf Coast l i g n i t e  and as such r e f l e c t  s i g n i f i c a n t l y  
d i f f e r e n t  coal-forming environments. Proximate and u l t i m a t e  ana lyses  o f  t h e  two 
coals  a r e  l i s t e d  i n  Table 1. The Martin Lake sample was h ighe r  i n  moisture and 
s i g n i f i c a n t l y  lower i n  a sh  con ten t  than t h e  Velva sample. The moisture-free ( m f )  
oxygen va lue  for t h e  Mart in  Lake coal  is 18% lower than t h a t  for t h e  Velva, and 
t h e  C/H ra t io  is 1.18 for Martin Lake compared t o  1.30 for Velva. The normalized 
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product gas  compositions shown i n  Table 2 were determined by gas  chromatography 
(GC) on t h e  t o t a l  gas  sample co l l ec t ed  during t h e  hydrogen production r e a c t i o n  
ca r r i ed  out  on both t h e  DuPont TGA and the  l a r g e  l abora to ry  TGA. The normalized 
hydrogen va lues  approximated those  predicted by the  engineer ing thermodynamic 
model. The values  obtained from the samples generated on t h e  l a r g e  TGA have 
somewhat l e s s  unce r t a in ty  in a n a l y s i s  s i n c e  t h e  d i l u t i o n  e f f e c t  of t h e  c a r r i e r  gas 
was reduced. 

TABLE 1 

PROXIMATE AND ULTIMATE ANALYSES 

Proximate Analyses 

Moisture % 
Ash, w t  % m f  
V o l a t i l e  Matter ,  w t  % mf 
Fixed Carbon, w t  % m f  
Heating Value, Btu/ lb  

Ultimate Analyses,  mf 

Hydrogen 
Carbon 
Nitrogen 
Su l fu r  
Oxygen ( D i f f )  

Velva 

29.3 
13.5 
39.3 
47.2 
7185 

3.84 
59.93 
0.94 
0.53 

21.26 

Martin Lake 

34.8 
8.7 

44.0 
47.4 
7525 

4.71 
66.46 

1.18 
0.86 

18.09 

TABLE 2 

PRODUCT GAS IN MOLE % FROM VELVA LIGNITE CHAR-STEAM REACTION - LARGE TGA 

co CH4 - - - Sample. Temp. OC "2 co2 - -  
W/10 w t %  Trona 750 56.23 30.13 13.64 ND 

W/10 w t %  Trona 700 51.73 43.51 4.55 ND 

Uncatalyzed 750 57.70 35.30 6.30 0.72 

Uncatalyzed 700 56.20 40.00 2.60 0.90 

ND = Absent or below de tec t ion  l i m i t  

*Sample s i z e s  were between 1.0 and 1.4 grams of -100 +140 mesh "as received" 
coal-  c a t a l y s t .  

Data normalized t o  exclude c a r r i e r  gas and a i r .  
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The inhe ren t  mineral  ma t t e r  of t he  Velva l i g n i t e  had the  e f f e c t  of i n c r e a s i n g  
t h e  r eac t ion  r a t e  over  t h a t  of t h e  Martin Lake l i g n i t e .  Addition of e i t h e r  po ta s -  
sium or sodium compounds a l s o  increased t h e  r a t e  of t he  char-steam reac t ion  f o r  
both t h e  Martin Lake and t h e  Velva char.  Potassium carbonate  and Trona admixed 
with t h e  l i g n i t e  both gave p o s i t i v e  c a t a l y s i s  of t h e  char-steam reac t ion .  The 
a c t i v i t y  parameter ( k  i n  g /h r /g )  increased from 1.40 with no c a t a l y s t  t o  3.50 w i t h  
10 u t %  K2C03 and t o  3.23 with 10 w t %  Trona f o r  Velva l i g n i t e  a t  70OoC. The 
r e a c t i v i t y  parameter a l s o  increased from 0.74 with no c a t a l y s t  a d d i t i o n  t o  1.41 
with 10 w t %  K2C03 and 2.37 with 10 u t %  Trona for Martin Lake l i g n i t e  a t  70OoC. 

SEM photographs (Figure 1 )  show the  s u r f a c e  e f f e c t ,  upon cha r r ing ,  of add ing  
K2C03 c a t a l y s t  t o  t h e  coa l s .  The ragged, i r r e g u l a r  su r f ace  and l a c k  of appa ren t  
pores i n  t h e  uncatalyzed cha r  is i n  c o n t r a s t  t o  t h e  rounded, h igh ly  porous s u r f a c e  
on the a l k a l i  ca t a lyzed  char .  The degree t o  which t h e  su r face  changed with t h e  
add i t ion  of c a t a l y s t  d i f f e r e d  between the  Velva and t h e  Martin Lake chars .  The 
Velva char  sur 'face is remarkably porous and contained uniform, evenly spaced 
nodules of approximately 0.05 pm x 0.10 P m  i n  s i z e .  The nodules  on t h e  s u r f a c e  of 
t h e  catalyzed Martin Lake char  were n e i t h e r  uniform i n  s i z e  no r  evenly spaced o v e r  
t h e  su r face .  The r e a c t i v i t i e s  d i f f e red  s i m i l a r l y ,  with t h e  Velva having t h e  
higher  r e a c t i v i t y .  This  sugges t s  t h a t  t he  inc rease  i n  r e a c t i v i t y  of t he  c a t a l y z e d  
cha r ,  which may be due t o  mechanis t ic  change i n  t h e  chemical r eac t ion  brought  
about by the  a l k a l i  c a t a l y s t ,  must a l s o  be due, a t  least  i n  p a r t ,  t o  t he  phys ica l  
e f f e c t  of producing a l a r g e  inc rease  i n  s u r f a c e  a rea .  The r e s u l t . o f  t h i s  i n c r e a s e  
i n  surface a r e a  is a n  inc rease  i n  a v a i l a b l e  a c t i v e  s i t e s  as shown i n  Figures  2 and 
3 for Velva cha r  and Martin Lake cha r ,  r e spec t ive ly .  

SEM mapping of t h e  su r face  fo r  inorganic  element d i s t r i b u t i o n  showed t h a t  t h e  
potassium was d i s t r i b u t e d  uniformly over t h e  s u r f a c e  of t h e  Velva p a r t i c l e s .  T h i s  
was not the  case wi th  the  Martin Lake p a r t i c l e s .  The uniform d i s t r i b u t i o n  of t h e  
potassium c a t a l y s t  on t h e  su r face  of the  Velva cha r  imp l i e s  a su r face  wet t ing by a 
f lu id  c o n s i s t i n g  of, or con ta in ing ,  the c a t a l y s t .  The Trona, however, does n o t  
e x h i b i t  t h i s  mode of d i s t r i b u t i o n .  Instead t h e  element d i s t r i b u t i o n  map showed 
t h e  sodium su r face  depos i t s  as being a s soc ia t ed  with those o,f s i l i c o n  and 
aluminum. The i r r e g u l a r l y  placed su r face  nodules  of nonuniform s i z e  were l o c a t e d  
near  t h e  sodium depos i t s .  

Carbon 13 Nuclear Magnetic Resonance (13C NMR) s p e c t r a  of cha r s  prepared a t  
temperatures from 600' t o  75OoC (Figure 5)  i nd ica t ed  t h e  absence of a l i p h a t i c  
groups i n  t h e  cha r  with removal of a l i p h a t i c s  occurr ing during t h e  c h a r r i n g  
process.  Aromatic CO groups and carboxyl,  amide, and e s t e r  groups a r e  absen t  i n  
t h e  cha r s  as well .  The decrease in aromatic s i g n a l  s t r e n g t h  with temperature may 
r e s u l t  from unobserved carbon i n  CP/MAS due t o  t h e  dec rease  i n  H/C  with t h e  c h a r  
(7) .  Table 3 shows the ESCA surface carbon/oxygen r a t i o  on t he  Velva c h a r s  
prepared a t  va r ious  temperatures.  Char prepared a t  75OoC and exposed t o  a i r  had a 
s i g n i f i c a n t l y  lower su r face  C / O  r a t i o  than t h a t  prepared a t  t he  same temperature  
and p ro tec t ed  from exposure t o  a i r .  The la t ter  sample was analyzed a t  t h e i n a t u r a l  
su r f ace ,  and then a t  su r faces  produced by removal of o u t e r  l a y e r s  of char  u s i n g  
i o n  " spu t t e r ing"  f o r  the  time ind ica t ed  on Table  3. The low C/O r a t i o  of t h e  
exposed sample i s  diie t o  t h e  adsorpt ion of oxygen on exposurc t o  air .  Higher 
oxygen con ten t s  a r e  r e l a t e d  t o  the  highly a c t i v a t e d  carbon t h a t  r e s u l t s  during t h e  
char  formation. The chars  formed at t h e  o t h e r  temperatures  given on Table 3 
exhibi ted l i t t l e  inc rease  i n  C/O r a t i o  with temperature.  These r e s u l t s  i n d i c a t e  
t h a t  erroneous su r face  d a t a  can be minimized by maintaining an i n e r t  atmosphere 
over t h e  c h a r  samples and a more accurate  a n a l y s i s  can be c a r r i e d  out .  
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TABLE 3 

ESCA RESULTS--VELVA LIGNITE CHAR (ELEMENT $1 

Char Temp. 
(OC) 

7501 
750 

700 
650 
600 

S p u t t e r  Time 
(minutes) 

0 
0 

10 
70 
70 
70 
70 

Element % 

74.4 21.0 --- 
82.1 14.3 --- 
82.9 13.0 --- 
84.3 11.6 --- 
81.9 10.9 0.9 
80.1 12.3 0.8 
80.3 12.6 1.0 

c/o 

4.73 
7.69 
8.52 
9.62 

10.03 
8.66 
8.47 

*Exposed t o  a i r  

COUCLUSIONS 

- Reac t iv i ty  o f  low-rank coa l  cha r s  a r e  increased by f a c t o r s  o f  two t o  fou r  a t  a 

- The inc reased  r e a c t i v i t y  is due t o  i n c r e a s e s  i n  su r face  a rea  and a c t i v e  s i t e s .  - Scanning e l e c t r o n  microscopy shows t h a t  ca t a lyzed  c h a r s  have a much higher  

- Potassium was d i s t r i b u t e d  more uniformly than t h e  t rona  over t h e  char  su r face .  - The h igh ly  a c t i v a t e d  carbon c rea t ed  by t h e  d e v o l a t i l i z a t i o n  o f  t h e  low-rank 
coa l  n e c e s s i t a t e s  t h e  prevention of exposure t o  a i r  i f  CO func t iona l  groups 
a r e  t o  be accu ra t e ly  i d e n t i f i e d  by ESCA o r  quan t i f i ed  by CP/MAS 13C NMR. 

g iven temperature  wi th  a d d i t i o n  o f  c a t a l y s t .  

su r f ace  a r e a  than  uncatalyzed chars .  

REFERENCES 

1. Pohani, B.P., J. Japan. Petrol .  I n s t . ,  21, 1 (1984). 

2. Tomita, A . ,  Y. Ohtsuka, Y. Tamai, Fue l ,  62, 150 (1983). 

3. Timpe, R . C . ,  S.A. Farnum, S.J. Galegher,  J . G .  Hendrikson, M.M. Fegley,  
Div. Fuel  P r e p r i n t s ,  2, no. 4 ,  p. 481 (1985). 

4. Hut t inger ,  K.J., R. Minges, w, 5, 1112 (1986). 

5. Sears ,  R.E.,  R.C.  Timpe, S.J. Galegher,  W.G. Wil lson,  ACS Div. Fuel P r e p r i n t s ,  
- 31, no. 3 ,  166 (1986). 

6. 

7. Bot to ,  R.E., R. Wilson, and R.E. Winans, Energy and Fue l s ,  1, 173-181 (1987). 

ACKNOYLEDG-S 

The a u t h o r s  would l i k e  t o  ack owledge Jan Lucht f o r  a s s i s t a n c e  with t h e  TGA 
experiments and A r t  Ruud f o r  t h e  19C NMR spec t r a .  A s p e c i a l  thanks is  extended to  
Leland E. Paulson, Technical P ro jec t  Of f i ce r ,  and Madhov Ghate,  Chief ,  Combustion 
and Gas i f i ca t ion  Branch, of the Morgantown Energy Technology Center f o r  t h e i r  
guidance and support .  

R a t c l i f f e ,  C.T.,  Vaughn, S.N., ACS Div. Fuel P r e p r i n t s ,  30, no. 1 ,  304 (1985). 

5 



a) Martin Lake Char - Mag. 6000X b) Martin Lake/K2C03 

d! Velva/M2CO3 Char - Mng. 6000X C )  Velva Char - Mzgi 600@X 

Figure 1 - SEM Photographs of Coal Chars and 
Coal/KeCOj Char Prepared a t  75Ooc 
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UNCATALYZED AND CATALYZED VELVA CHARS 
ACTIVE SITES VS TEMPERATURE 
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Figure 2. Number of ac t ive  s i t edearban  atom in Velva l i g n i t e  char with and 
without ca ta lys t .  
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Figure 3.  ,Number o f  ac t ive  sites/carbon atom in Martin Lake l i g n i t e  char with and 
without ca ta lys t .  
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Figure 4 .  CP/MAS 1 3 C  NMR Spectra of (a )  Velva North Dakota l i g n i t e  (b) Velva 
l i g n i t e  char (750OC) and ( c )  Velva/Trona char 75OoC. 
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Figure 5. CPfMAS '3C NMR spectra of Velva/Trona char prepared at (a) 7OO0C (b) 
65OoC, and (I?) 6OO0C; 
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